INTRODUCTION
In many genes from many species, the extent to which alternative synonymous codons are used has been seen to be nonrandom: the pattern of codon usage varies among species, and among genes from the same genome (1) . Characterizing the pattern of codon usage in a particular organism may be of interest for several reasons. Knowledge of this pattern may be of practical application, for example in the design of oligonucleotide probes and primers for this species. Elucidation of the biological bases of codon usage in a particular species may add to a general understanding of its molecular biology and evolution, such as the mutational biases present in the genome, and the extent to which different genes are under selection for efficient translation. On a broader scale, since the principal determinants of codon usage are quite well understood in some species, it is of interest to investigate the generality of these factors. In particular, it is becoming possible to examine to what extent, and how, codon usage patterns have diverged among related species.
Among eukaryotes the species for which codon usage has been best characterized, and is best understood, is the budding yeast Saccharomyces cerevisiae (2) . In S.cerevisiae, highly expressed genes have synonymous codon usage strongly biased towards those codons that are efficiently translated by the most abundant tRNA species (3) (4) (5) . Genes with low expression, by contrast, have generally more uniform codon usage which appears to be largely determined by mutation biases (5) (6) (7) . From an evolutionary perspective, the overall codon usage pattern in S. cerevisiae appears to be highly co-adapted with the relative abundance of its tRNAs (4, 8) , and the pattern of codon usage in any particular gene reflects a balance between mutation and selection (6, 9) . The most closely related species in which codon usage has been examined in detail is the ascomycete Aspergillus (Emericella) nidulans (10) , where codon usage appears to be determined by similar principles to that in S. cerevisiae, but where the particular codons which are preferred for many amino acids differ. Since S.cerevisiae and A.nididans are quite divergent, it is interesting to examine a more closely related species.
Candida albicans is a dimorphic fungus, growing alternatively as a yeast and a hyphal mass. It is part of the normal flora of human mucous membranes, but is of increasing interest because of its particular pathogenicity in immuno-compromised AIDS patients. Research has been carried out into developmental processes, such as the control mechanisms of the switch to the hyphal growth phase in which its invasive properties are most manifest (11, 12) , and into the causes of susceptibility and resistance to various drugs (13, 14) . C.albicans is quite closely related to S.cerevisiae: they are perhaps one third/one half as divergent from each other as from A.nididans (15, 16) . However, the overall genomic base composition of C.albicans (G+C = 35%) is more A+T-rich than that of S.cerevisiae (G+C = 40%) (17) .
In a recent survey (18), Brown et al. have suggested that some of the 'preferred' codons in C.albicans differ from those in S.cerevisiae. However, their analysis may be flawed in two respects. First, data for only 11 genes were available. Second, and more important, Brown et al. considered only the total codon Table 1 . CnnA'uin albicans gene sequence dataset. TEF1  TEF2  ACT1  PMA1  CYP1  CEF3  TUB2  PRA1  PRA2  PRA3  CMD1  RBP1  ERG16  PHR1   BMR  CHS1  KRE1  CAG1  ARF1  URA3  TSA1  ERK1  DFR1  CHS2  CLN1  SOR2  ORF M29934  M29935  X16377  M74075  M60628  Z11484  M19398  X13669  M83663  X56867  M61128  M84759  X13296   M90812  X53823  X52420  M81588  M88113  M54910  X14198  J04230  M76585  -M82937  M76587  -M83991 usage over all 11 genes, and did not take account of any heterogeneity within the data set; this approach can lead to serious misconceptions in the conclusions drawn (19) . Here, we conduct a more thorough analysis of codon usage in C. albicans, exploiting a larger data set, examining the substantial heterogeneity among genes, and investigating the pattern of divergence from 5. cerevisiae in the context of the heterogeneity seen within each species.
Gene

MATERIALS AND METHODS
A data set consisting of 28 genes from C.albicans is shown in Table 1 . Codon usage data were calculated for protein coding gene sequences extracted from the GenBank/EMBL/DDBJ DNA sequence data library (GenBank release 72) using the ACNUC retrieval system (20) . In addition, codon usage data were obtained directly from the literature (14) for two sequences not yet incorporated into the database.
Codon usage differences among genes were investigated using correspondence analysis (21) , the multivariate statistical technique most often used in the analysis of codon usage data (see, for example, Refs. 10, 19, 22) . This method can identify major trends in the dataset as a series of orthogonal axes in an n-dimensional hyperspace. The first axis explains the highest (and subsequent axes a diminishing) proportion of the variation in the data. (24) is the geometric mean of the 'relative adaptedness' (w) values of all the codons in a gene, where w is defined from each codon's frequency in a reference set of highly expressed genes from the appropriate species. In this case, the codon usage of highly expressed genes from S.cerevisiae (24) was used. A computer program (CODONS; Ref. 25) to calculate codon usage and these indices is available on request.
RESULTS AND DISCUSSION
Codon usage in Candida albicans
Codon usage has been examined in a sample of 28 C.albicans genes, encoding a variety of different products expressed at a wide range of levels ( Table 1 ). The total codon usage for these genes (Table 2 ) reveals a general bias towards U-and A-ending codons, as expected in an A+T-rich genome. However, the range in the values of two indicators of general codon usage bias, namely the G+C content at silent sites (GC^, which varies from 0.10 to 0.40) and the effective number of codons used in the gene (N c> which varies from 26.1 to 51.1), indicate that there is substantial heterogeneity of codon usage patterns among these genes (Table 1) . Thus, the overall pattern of codon usage seen in Table 2 may have some general practical utility in the design of oligonucleotide probes and primers, but is not very useful in investigating the biological bases of codon usage in this species.
Codon usage patterns are complex, and so to elucidate the pattern of differences among genes it is necessary to use multivariate statistical analyses. Correspondence analysis of the usage of 59 codons (i.e., excluding Met, Trp and stop codons) across the 28 C. aibicans genes yields a first axis (the most important trend among genes) that accounts for a high proportion (40%) of the variation in the dataset. The second axis accounts for a further 15% of the variation, and the remaining (fifty seven) axes are each responsible for relatively trivial amounts. Thus, there is one major, and perhaps one secondary, trend in the dataset: the position of each gene on these first two axes is shown in Fig. 1 . In Table 1 the genes are presented in order of their appearance on axis 1. Position on axis 1 is highly correlated with N c , the measure of general codon usage bias (correlation coefficient, r=0.80). Genes at the top of the table appear to the left in Fig. 1 , and have low N c values indicating strong codon usage bias. The second axis, on the other hand, is highly correlated with GC^ (r=0.81): genes towards the top of Fig. 1 are more G+C-rich at silent sites.
The first axis of the correspondence analysis appears to have differentiated genes according to their expression level. Thus, the genes at one extreme of the first axis (towards the left in Fig. 1) , which have the most highly biased codon usage, are those which are known or expected to be expressed at the highest levels; e.g., they include genes encoding elongation factors and actin, which are highly abundant proteins. Genes at the other extreme of the first axis encode protein kinase or other regulatory products, generally expressed at low levels. In between, there are genes encoding products generally expressed at moderate levels. It is not clear whether there is any property of the genes systematically related to variation in G+C-content at silent sites, to cause the dispersion on the second axis produced by correspondence analysis. It has been suggested that there may be regional differences in G+C content around the 5. cerevisiae genome (26) , and it would be expected that if such an effect exists it would also be found in C.aMcans; however, to our knowledge, there is not yet any direct evidence for this phenomenon.
Where highly and lowly expressed genes clearly differ in their codon usage, a comparison of these patterns should indicate which codons are translationally 'optimal'. Codon usage for groups of 6 genes drawn from each end of the major trend, representing high (TEF1, TEF2, ACT], PMAI, CYP1 and CEF3) and low (ZNF1, ORF, SOR2, CLN1, CHS2 and DFR1) expression levels, is indicated in Table 3 . Twenty one codons are significantly more common (as assessed by 2 x2 x 2 contingency tables, p < 0.01) in the highly expressed genes. Thus, 'optimal' codons can be identified for 17 of the 18 amino acids encoded by more than one triplet. The exception is Cys, where UGU may be optimal, but it occurs at such high frequencies in the 'low' dataset that the difference between the 'high' and 'low' groups is not significant in the current data set. Recently, Brown etal (18) designated 24 codons as 'preferred' in C.albicans. However, they examined the total codon usage across 11 genes, including both highly and lowly expressed genes; the pattern of codon usage they observed was similar to that in Table 2 . That such an approach can lead to erroneous conclusions, particularly in an A+T-rich genome, was previously found in an analysis of codon usage in Dictyostelium discoideum (19) . The 24 codons identified by Brown et al. include the singleton codons for Met (AUG) and Trp (UGG), which are necessarily the 'optimal' codons for those amino acids. Among the remaining 22 codons are 7 (UUU, UUA, UAU, CAU, AAU, AAA and GAU) which are clearly not 'optimal' (in the sense of being used more often in highly expressed genes than in lowly expressed genes, see Table 3 ), but which occur at high frequencies in the total codon usage data (Table 2 ) because of the general A+T-richness of the C.albicans genome. Because of their approach, Brown et al. failed to identify 7 C-or G-ending codons (UUC, CAC, AUC, ACC, AAG, GUC and GAC) which are used at significantly higher frequencies in the more highly expressed genes ( Table 3 ). Note that, because of the overall A+T-richness of the C.albicans genome, even in the highly expressed genes two of these 'optimal' codons (AAG and GAC) do not become the most commonly used.
CpG dinucleotide frequencies
Drouin has recently noted the low frequency of CpG dinucleotides in the actin genes of several fungal species including C.albicans and S.cerevisiae, and has speculated that it results from a 'positive selection for codons that do not have highly mutable CpG dinucleotides' (27) . However, while the CpG dinucleotide is frequently methylated (and consequently highly mutable) in vertebrate genomes, the fraction of methylated cytosine in fungi is generally very low (28) . Furthermore, it has been pointed out (in a different context) that selection against codons based on their potential to mutate to deleterious codons is most unlikely to be effective (Ref. 29, p. 187) .
NCG (and CGN) codons are generally rare in C.albicans and S.cerevisiae (Table 2) , and are especially unusual in highly expressed genes, such as those encoding actin (Table 3; see also  Ref. 2). The two factors discussed above as shaping C.albicans codon usage in general, can also be invoked to explain the low occurrence of CpG-containing codons in particular. First, CpG is rare because of the strong mutational bias to A+T-richness. This is supported by the observation that the C.albicans genome, which is more A+T-rich than the S.cerevisiae genome, has even fewer NCG codons (Table 2 ). Second, in S.cerevisiae (and probably also C.albicans) NCG codons are not recognized by the major tRNA species for the relevant amino acids (at least for Ser, Thr and Ala, and presumably also for Pro; Ref. 30) , and nor are the CGN codons for Arg, and so CpG-containing codons are selected against on this basis. This is correlated with the exaggerated rarity of NCG and CGN codons in more highly expressed genes (Table 3) .
Comparison of codon usage in C.albicans and S.cerevisiae
Brown et al. have suggested that there are significant differences between the subsets of strongly preferred codons in C.albicans and S.cerevisiae (18) . However, they compared overall codon usage in all 11 C.albicans genes then available, with codon usage in highly expressed S.cerevisiae genes; the latter data (from Ref. 31 ) had been taken from the most extremely biased 10% of 154 genes.
With respect to total codon usage (Table 2) , the two yeasts differ primarily with respect to G+C content at silent sites (the overall GC 3S values are 0.25 and 0.37, for C.albicans and S.cerevisiae, respectively), reflecting the greater A+T-richness of the Calbicans genome. However, the set of 21 optimal codons identified above for C.albicans (see Table 3 ) are also those identified for S.cerevisiae (2) . The single difference between the sets of optimal codons for the two species pertains to UGU, which can be seen to be optimal in S.cerevisiae, and is probably also optimal in C.albicans, although it has not been designated as such here for reasons discussed above. Thus, with respect to the codons which appear to be preferred by natural selection for translational efficiency, there is no evidence that the two species have diverged. Nevertheless, codon usage in highly expressed genes is more A+T-rich in C.albicans than in S.cerevisiae. Among low expression genes, the overall degree of bias as measured by N c is greater in C.albicans (Table 1 ) than in S.cerevisiae (see Fig. 1 in Ref.2) . This difference could be due to the relatively small sample of genes in the C.albicans data set. However, comparison of the RSCU values for the lowly expressed genes of C.albicans (Table 3) with those of S.cerevisiae (see Table 4 in Ref. 2, or Table 1 in Ref. 31 ) reveals that the greater degree of nonuniformity of codon usage in C.albicans is due to a strong bias toward A+T-rich codons in these genes. This is to be expected. In the presence of only weak selection for optimal codons, genes have a codon usage pattern shaped by mutational biases-the genomic G+C contents of the two yeasts suggest that the mutational bias is more extreme in C.albicans. (See also Wright's discussion of the relationship between N c and G+C content at silent sites; Ref. 23.) A more direct comparison of codon usage in the two yeasts can be made for 18 pairs of homologous genes which have been sequenced in both species. The codon adaptation index, CAI, is a species-specific measure of codon usage bias defined for S.cerevisiae taking into account the 'adaptedness' of synonymous codons derived from their relative usage in those genes where codon selection is strongest, i.e., highly expressed genes (24) . Since the optimal codons in S.cerevisiae and C.albicans do not appear to have diverged, it may be appropriate to calculate CAI values for the C.albicans genes using die S.cerevisiae adaptedness values. CAI values for the pairs of homologues are very highly correlated (r = 0.92) (Fig. 2) , suggesting that expression levels (and the consequent strengths of selection) are similar in the two species. However, G+C content at silent sites (GC^ is quite different between some homologues-without exception, the C.albicans gene is more A+T-rich at silent sites (Fig. 2) . It might be expected that the largest shifts in G+C content would be seen in the lowly expressed genes with low CAI values (as seen in the divergence between Escherichia coU and Serratia marcescens; Ref.32). However, while only genes with low CAI values have very large differences in G+C, there are nevertheless some other low bias genes with only small G+C shifts (Fig. 2) . It is not clear why these genes which are apparently under little selective constraint at silent sites (as evidenced by their low CAI values) have not diverged more in G+C content. 
Other Candida species
We have also examined codon usage in C. maltosa and C.tropicalis, the two other Candida species for which the most sequence data are currently available. There are 14 C. tropicalis genes (Table 4) , totalling 8578 codons, and 12 C.maltosa genes (Table 5) , totalling 4821 codons. While molecular phylogenetic analyses have revealed that species that have been placed in the genus Candida do not form a monophyletic group, small subunit ribosomal RNA comparisons indicate that C.tropicalis is much more closely related to C.albicans than to other yeasts (15) . The genomic G+C contents of C.albicans and C.tropicalis are similar (17) .
We subjected the C.tropicalis and C.maltosa genes to correspondence analysis together with the C.albicans genes, to investigate whether codon usage in all three species follow the same trends. The results are not shown, but the genes in Tables  4 and 5 are presented (as with C.albicans) in order of appearance on the first axis. Among the C.tropicalis genes there are seven encoding peroxisomal proteins, which are are highly expressed (32, 33) . These genes have a highly biased codon usage, with a similar position on axis 1 to the highly expressed C.albicans genes, and with high CAI values (Table 4) . However, there is a tendency to a higher G+C content at silent sites in these peroxisomal genes (Table 4) , and they are differentiated from the C.albicans genes on axis 2 of the correspondence analysis. Among the seven other C.tropicalis genes, that encoding 14-ademethylase also has high codon usage bias (like its homologue from S.cerevisiae; Ref. 2) , and lies close to the highly expressed C.albicans genes on both axes of the correspondence analysis. Codon usage in the other six genes is moderately biased, and they lie among the central cluster of C.albicans genes. There are no C.tropicalis genes in the current data set with codon usage similar to the low extreme of the C.albicans trend, but this may well reflect the small number of genes so far sequenced for the former species.
The correspondence analysis results indicate that the C.maltosa genes all fall along the same trend as those from C.albicans. The most highly biased gene is POX4 (another peroxisomal gene), with codon usage similar to the highly expressed C.albicans genes, as indicated by its CAI and GC^ values (Table 5 ). There is a trend across the other genes (including, first, POX18) toward progressively lower codon usage bias, though again there are no genes as extreme as the low group of C.albicans genes.
Thus, codon usage patterns in the three Candida species appear to be similar, with the exception of the increased G+C content of the C.tropicalis peroxisomal genes. This could reflect the location of expression of these genes, though we have noted that the peroxisomal genes from C.maltosa do not show the same effect. As more genes of different expression levels are sequenced it should be possible to determine whether there are any real differences among these species, or effects peculiar to genes expressed in the peroxisome.
CONCLUSIONS
The patterns and biological bases of codon usage in Saccharomyces cerevisiae have previously been investigated in extensive detail, and appear to be well understood (2-7). Candida albicans is closely related to S.cerevisiae, but its codon usage has been reported to be somewhat divergent (18) . However, in that report only a very small number of genes were examined, and there was no attempt to take account of the heterogeneity of codon usage patterns which are usually evident among genes, even when they are derived from a single species (31) . We have found that there is some overall difference between the codon usage patterns in these two species, in that all C.albicans genes show an increased tendency to A+T-richness at silent sites. However, we conclude that the codons which are translationally optimal in the two species are identical. These results are easily interpretable in the light of the mutation-selection balance theory of codon usage (6, 9) : the pattern of mutation bias has diverged between the two species, but the direction of natural selection has not. Ultimately, if divergence of mutational biases continued, it might be expected that changes in the optimal codons would result (34) , and this may explain why the more distantly related species A. nidulans has a more divergent pattern of codon usage, in which the optimal codons differ from those of the two yeasts (10) .
In their recent compilation of codon usage from the GenBank database, Wada et al. (35) presented overall codon usage values for 27 Candida genes. Their values differ quite considerably from the total values presented here for C.albicans (Table 2 ). In principle, this could be due to the fact that Wada et al. included in their compilation genes from two different species (C.albicans and C.tropicalis). In practice, in this case this is probably not the explanation, since we have found above that (at least for the three species C.albicans, C.maltosa and C.tropicalis) codon usage patterns are broadly similar. In fact, it appears that the compilation of Wada et al. may have been heavily biased by the presence of several C.tropicalis peroxisomal genes which are more G+C-rich than other genes from that species, and from C.albicans. We have also emphasized before (19, 31) , and above, the potentially misleading effects of examining only a total codon usage table, even when the genes are all drawn from one species.
